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Abstract
We calculate dispersion relations and propagators for the σ, ω, π, ρ, δ, η and a1 mesons in
relativistic, dense, hot, symmetric nuclear matter. In addition to the usual mixing of the σ− ω
system, we obtain mixing of the δ with the longitudinal ρ mode and of the tranverse ρ with
the transverse a1 mode. Finally, the component of the a1 polarization along the transferred
momentum modifies the in-medium pion propagator in a way similar to the Migdal contact
interaction, but with the opposite sign. The spurious pion condensate as well as the additional
contribution from the a1 meson are removed by a contact term. We compare two ways of
implementing contact term subtraction.
1 Introduction
This works investigates some points concerning the dispersion relations and effective masses of
mesons in dense, hot, symmetric nuclear matter. The dispersion relations will be calculated in the
random phase approximation (RPA), by performing a linear response analysis [1]–[5] around the
homogeneous Hartree ground state. This paper reproduces previous results and extends them in
two aspects.
Equations are presented for the six mesons of the Bonn model [6], i.e. σ, ω, π, ρ, δ and η. In
addition, the contribution of NN loops to the dispersion relation of the a1 is investigated, since this
meson can be of interest from various points of view. One is the construction of chiral Lagrangians,
since the a1 is the chiral partner of the ρ meson [7] – [15]. Another is the issue of the dilepton
production in relativistic heavy ion collisions. As a matter of fact, the a1 [16] couples to the ρ
meson and may modify its spectral properties. The a1 may also be used to describe part of the
nucleon-nucleon interaction which is mediated by correlated π-ρ exchange in the S-wave channel
[17, 18]. The inclusion of correlated π-ρ exchange is known to improve the Bonn potential [19];
however one should keep in mind that the structure of correlated π-ρ exchange is more complex
than what can be described by exchange of particles with a sharp mass [18]. Finally, the a1 meson
has sometimes been quoted [20, 21] to provide a means to improve the behaviour of the differential
nucleon-nucleon cross section for backwards scattering angle. This is related to the behavior of the
tensor part of the NN potential near ~r = 0.
As a first part of this work, a discussion of the a1 meson dispersion relation and mixing effects
with the ρ and π mesons is presented in section §2. It will be seen that the transverse mode of the
a1 mixes with that of the ρ. Since the axial current is not conserved, we will have a part of the a1
polarization proportional to qµqν , where qµ is the transferred quadrimomentum. This part mixes
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with the pion and renormalizes its polarization in a way which is formally similar to that produced
by a contact interaction of the Landau-Migdal type. However, it has the opposite sign, so that the
a1 would enhance the unobserved pion zero sound mode. Since experimental evidence shows that
pion condensation does not occur at saturation density in symmetric matter, this spurious mode
should be removed. The standard procedure to implement this is to introduce a contact interaction.
We are thus lead in a second part to make some considerations on the relativistic generalization
of the contact term. We will compare in section §3 the results obtained using the Ansatz of
Horowitz et al. [22, 23], who modify the pion propagator in an ad-hoc way, to a more standard
implementation simply consisting of adding one or more contact pieces to the Lagrangian density.
It will be seen that both procedures may lead to different results, when the former is not used
with some caution. In particular, this may explain the discrepancy recently obtained in calculating
the RPA corrections to neutrino-nucleon scattering in proto neutron star matter [24, 25, 26]. We
advocate for the latter procedure.
Finally, numerical results are presented in section §4. In symmetric matter, the dispersion
relation factors in several subsystems. First there is the σ-ω sector, with a transverse ω mode
and a longitudinal mixed σ-ω mode. Since this mode has already been studied extensively in the
litterature, no numerical results are shown here. Then we have a δ-ρ-π-a1 sector, which is composed
of three parts: a longitudinal mixed δ-ρ mode, a transverse mixed ρ-a1 mode and a mixed π-a1
mode. Dispersion relations are calculated for these modes and the behaviour of the effective masses
of the mesons is investigated. We mention the problem of vacuum fluctuations and of the choice
of a renormalization procedure. As already noticed in the case of the ρ meson [5], different results
are obtained depending of the choice of the renormalization conditions. At the time of writing, we
must regard this as an unresolved issue.
Among the possible applications of the present results, one can quote the calculation of screened
nucleon-nucleon potentials [2, 27] or cross sections [28, 29] and their application to nuclear dynamics
[30], dilepton production in relativistic heavy ion collisions [16], the calculation of the electronic re-
sponse function [31] or of the compressional modes of nuclei [32, 33, 34]. Another field of application
concerns the physics of supernovae explosions and protoneuton star cooling. In conditions of high
density and temperature reached in the early phases of neutron star formation, it has recently been
argued that RPA corrections to the neutrino-nucleon scattering cross section could be responsible
for a sizeable modification of the neutrino mean free path [24, 25, 26]. The results obtained in this
work may be applied in the limiting case of pure neutron matter, by appropriately modifying the
degeneracy factor. In astrophysical applications nevertheless, one has to deal with an asymmetric
environment. The dispersion relation of neutral mesons in asymmetric nuclear matter is presented
in a companion paper [35]. The case of propagation of charged mesons in asymmetric matter is
currently under consideration.
2 Meson exchange model
2.1 Discussion about the mesons included in this work
The σ, ω, ρ and π mesons are standard mesons which are included in the description of the NN in-
teraction in hadronic models, whose prototype is the Quantum Hadrodynamics (QHD) developped
by Walecka and coworkers [36]. A vast amount of literature has been devoted to study their dis-
persion relations [1]–[5], [37]–[44]. This section presents a discussion on the relevance of extending
the approach to study more mesons.
The δ and η mesons belong to the set of mesons exchanged in the Bonn potential [6]. However,
they have been less studied than the previous ones. One reason is that the authors of [6] found that
they only bring a small adjustment to the form of the NN potential. In mean field studies of nuclear
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matter, the δ is usually not considered on the argument that the exchange of ρ mesons is enough
to reproduce the asymmetry energy at the mean field level (see however [45, 47]). In asymmetric
matter, on the other hand, the delta meson could be important, since it carries isospin. Interest has
been shown for the δ meson in the context of Dirac-Brueckner calculations of the equation of state
in asymmetric matter. When developping equivalent mean field theories with density dependent
couplings, in order to reproduce the results of the full many-body calculation, de Jong and Lenske
[46] or Shen et al. [47] have found that it was necessary to introduce the δ meson with a significant
coupling strength, e.g. g2δ (nsat)/(4π) = 4.61 at saturation density.
The δ meson mixes with the ρ meson, just as does the σ with the ω in the isoscalar sector. It is
well known that σ-ω mixing is very strong (see e.e [2, 43]), so that one may ask whether the same
occurs in the case of δ-ρ mixing. In relation with the debated case of the interpretation of dilepton
measurements in heavy ion collisions, the effect of δ-ρ mixing has been studied by Teoredescu et
al. [44].
The a1 is very massive (ma=1260 MeV), and is for this reason usually not included in meson
exchange models, which take 1 GeV as a reasonable cutoff energy scale. There are however theo-
retical reasons to consider this meson. As mentioned in the introduction, there is a need of keeping
this meson from symmetry arguments since the a1 is the chiral partner of the ρ [7] – [15].
For the purpose of reproducing the dilepton measurements of CERES and HELIOS, an enormous
amount of work has been spent on calculating the ρ spectral function, as this meson yields the
dominant contribution to dilepton production in the vector dominance model. The controversy
arised, as to whether the dilepton enhancement at lower invariant mass was due to a reduction
of the ρ meson mass in the medium and a signal of chiral restoration in the Brown-Rho scaling
picture [48] (B/R scenario), or could it be explained by purely hadronic models as an increased
width and shifted strength due ρππ coupling [49] (R/W scenario). It was suggested [16, 50] that
one may expect a substantial contribution to the width from ρπa1 loops.
An other ground to study the a1 meson is to determine whether it could simulate short range
corrections in the pion exchange potential [20, 21]. As a matter of fact, Fourier transforming the
expression obtained for the pion exchange contribution to the transition matrix yields a δ(r) piece
in the NN potential in coordinate space. The standard procedure is to introduce the so-called
Landau-Migdal parameter g′ as a contact interaction to remove this piece. This term is necessary
to achieve a good description of the proton-neutron cross section at large scattering angles θ ≃ 180o
[51, 52]. The parameter g′ then also enters in the expression of the pion polarization and further
has the nice property of removing spurious zero-sound modes from the pion dispersion relation,
which would be responsible for the onset of pion condensation at unrealistically low densities [53].
In a relativistic formalism, it is less clear how to implement this term in a simple fashion.
For example, Horowitz et al. [22, 23] have suggested an Ansatz making a replacement in the
pion propagator. An other possibility would be to add to the Lagrangian a contact term with
pseudovector coupling. This is the method used by Scha¨fer el al. [54], who add to their Lagrangian
a term ga(ψγ5γ
µτψ)(ψγ5γµτψ) in order to fit the NN cross section at large scattering angles.
Equivalently Engel et al. [21] suggest to add to the Lagrangian a piece gaψγ5γ
µψaµ and take the
limit of infinitely heavy aµ field. In section 3, we compare the effects of the Ansa¨tze of Horowitz et
al. or of Scha¨fer et al on the one hand, and of true a1 exchange on the other hand, on the dispersion
relation of the π and ρ mesons. It will be seen that the mixing of the a1 meson with the pion acts
as a Landau-Migdal term with the “wrong” sign.
2.2 Outline of derivation
We will take the following Lagrangian density
L = LNN + LNΦ + LΦΦ + LΦ1Φ2 + LCT (1)
3
LNN = ψ
[
i
2
γ.
←→
∂ −m
]
ψ ; LNΦ = ψΦ(x)ψ (2)
with Φ(x) = gσ σ + gδ ~δ.~τ − gω γµωµ − fπ
mπ
γ5γ
µ∂µ~π.~τ − igη γ5η
−gρ γµ~ρµ.~τ + i fρ
2m
σµν∂ν~ρµ.~τ − ga γ5γµ~aµ.~τ (3)
LΦΦ = 1
2
∂µσ∂µσ − 1
2
m2σσ
2 +
1
2
∂µ~δ∂µ~δ − 1
2
m2δ
~δ.~δ +
1
2
∂µ~π∂µ~π − 1
2
m2π~π.~π +
1
2
∂µη∂µη − 1
2
m2ηη
2
−1
4
FµνFµν +
1
2
m2ωωµω
µ − 1
4
~Rµν ~Rµν +
1
2
m2ρ~ρµ~ρ
µ − 1
4
~Aµν ~Aµν + 1
2
m2a~aµ~a
µ
LΦ1Φ2 ∋ −
1
3
bmσ3 − 1
4
c σ4 − 1
2
gσππmσ σπ
2 + gρππ ~ρ
µ.(∂µ~π × ~π) + 1
2
g2ρππ (~ρ
µ × ~π).(~ρµ × ~π)
+gaρπ ~π.(~ρµ × ~aµ) + g′aρπ (~Rµν × ~Aµν).~π (4)
The first two lines are the Lagrangian for the nucleon and its interaction with the meson fields.
We chose the pseudovector coupling for the pion since its phenomenology is better, namely it
permits to reproduce the pion-nucleon scattering. The pseudoscalar coupling will also be considered
in section §4.4.
The following two lines contain the kinetic terms for the mesons. The last two lines contain
some meson-meson interactions which are important from the point of view of phenomenology. In
particular, we may have σππ, ρππ and ρπa1 couplings, which contribute to the spectral width of
the σ, ρ and a1 mesons. The sigma self couplings bmσ
3 + c σ4/4 improve the description of the
effective nucleon mass and incompressibility modulus.
One could consider more complicated forms of the Lagrangian, which would be obtained by
enforcing chiral symmetry [9, 11], [12] – [14]. Accordingly, more meson-meson coupling terms
would appear in LΦ1Φ2 . Since our purpose here was mainly to investigate NN loops, we will not
consider such terms in this work. In fact, as will be seen in the following, the derivation method
based on linear response analysis, which we follow here, discards meson-meson correlations at an
early stage of the calculation, so that terms involving meson couplings only appear at the mean field
level. Since we deal in this paper with symmetric matter, most of these terms actually disappear,
since they would involve expectation values of the pion, rho or a1 fields, all of which vanish in this
approximation. Only terms involving the σ field will survive. Meson loops should of course appear
in a more realistic treatment.
The term LCT represents a counterterm Lagrangian in order to handle the vacuum divergences;
its form is given in Appendix A.3.
The dispersion relations are derived from a linear response analysis in the Wigner operator
formalism. By applying a perturbation to the relativistic Hartree equilibrium, one obtains homo-
geneous equations for the perturbed meson fields φ1(q) in the form D(q)φ1(q) = 0, where φ1(q) is a
vector formed by the components of the perturbations to the various fields σ, ω, π, ρ, δ, η and a1,
and D(q) is a matrix which contains the dispersion relations. The condition that these homoge-
neous equations admit non trivial solutions is that the determinant of D(q) vanishes. As D(q) is in
general non diagonal, the determinant will only partially factorize. A standard example is the case
of the σ-ω subsystem, where the ω transverse mode factorizes out, while the longitudinal mode of
the ω mixes with the σ mode [2] It was shown in this work that the results obtained coincide with
the one-loop approximation from Green’s function formalism.
We define the Wigner operator
Fαβ(x, p) =
∫
d4R
(2π)4
e−ip.R ψβ(x+
R
2
)⊗ ψα(x− R
2
) (5)
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It obeys the kinetic equation (as well as a conjugate equation)[
i
γ.∂
2
+ (γ.p −m)
]
F (x, p) = −
∫
d4R
(2π4)
d4 ξ e−i(p−ξ).R Φ(x− R
2
)F (x, ξ) (6)
with Φ(x) defined as in Eq. (3) At this level, F (x, p) as well as the fields σ(x), ω(x), π(x), δ(x) ...etc
contained in Φ are operators. In order to obtain the RPA approximation, two basic assumptions
are made:
— Correlations are neglected. When taking the statistical average of Eq. (6), it amounts to
replacing in the right hand side the average of the product < ΦF > by the product of averages
< Φ >< F >. It is at this point that we neglect the contribution of meson loops to the dispersion
relations. They could be restored by releasing this assumption, or be reintroduced by hand at the
end of the calculation. We will not consider them in this work. We will omit the <> denoting
statistical averages henceforward in order to simplify the notations.
— It is assumed that there exists an uniform, unpolarized equilibrium given by the relativistic
Hartree approximation, and that one may perform an expansion around this equilibrium (remember
the notations F , σ ... represent from now on the statistical averages < F >, < σ > ...)
F (x, p) = FH(p) + F1(x, p) , σ(x) = σH + σ1(x) , ~δ(x) = ~δH + ~δ1(x)
ωµ(x) = ωµH + ω
µ
1 (x) , ~ρ
µ(x) = ~ρµH + ~ρ
µ
1 (x) (7)
~π(x) = ~π1(x) , η(x) = η1(x) , ~a
µ(x) = ~aµ1 (x)
In eqs. (7) the pion, eta and a1 contributions vanish due to parity arguments in unpolarized matter.
Moreover, in symmetric matter the chemical potentials of the proton and neutron coincide, so that
ρH and δH will vanish as well, since they are proportional to the difference between the proton and
neutron density, and between the proton and neutron effective masses respectively. (We do not
take into account the tiny difference due to the electromagnetic interaction.)
With these approximations, we obtain after linearizing and Fourier transforming Eq. (6) the
first order perturbation to the nucleon Wigner function
F1(q, p) = G
(
p− q
2
)
Φ(q)FH
(
p+
q
2
)
+ FH
(
p− q
2
)
Φ(q)G
(
p+
q
2
)
(8)
with
Φ(q) = −gσσ1(q) + gωγµω1µ(q)− gδ~δ1(q).~τ + i fπ
mπ
γ5γ
µqµ~π1(q).~τ
+gργ
µ~ρ1µ(q).~τ +
fρ
2m
σµνqν~ρ1 ν(q).~τ + gaγ5γ
µ~a1 µ(q).~τ (9)
G(p) =
γ.P +M
P 2 −M2 ± iǫ (10)
FH(p) = S(p)ϕ(p)
with S(p) = γ.P +M (11)
and ϕ(p) =
d
(2π)3
δ(P 2 −M2) [θ(p0)n(p) + θ(−p0)n(p)− θ(−p0)]
In symmetric nuclear matter, d = 2 is the isospin degeneracy. n(p) and n(p) are the Fermi-Dirac
distribution functions for the (quasi)-particles and antiparticles respectively. M = m− gσσH is the
effective mass and Pµ = pµ − gωωµH is the effective momentum. Finally, we insert this solution in
the linearized equations of the mesons. For example, we have for the a1 meson[
qµqν + (−q2 +m2a)gµν
]
~a1 ν(q) = −gaρπ~π1(q)× ~ρµH + ga
∫
d4 pTr[γ5γ
µ~τF1(q, p)] (12)
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Since we assume in this work that we are in symmetric matter, the Hartree component of the ρ
field vanishes. Inserting (8) in this expression, we can recast it in the form[
−qµqν + (q2 −m2a)gµν
]
~a1 ν(q) = Π
µ
aπ(q) ~π1(q) + Π
µν
aρ (q) ~ρ1 ν(q) + Π
µν
aa (q) ~a1 ν(q) (13)
where, for example
Πµνaρ =
∫
d4pTr
[
gaγ5γ
µτi S(p − q
2
)
(
gργ
ν +
fρ
2m
σνλqλ
)
τj S(p+
q
2
)
]{
ϕ(p+ q2 )− ϕ(p − q2)
2p.q − iǫ
}
(14)
Terms such as Πaω vanish in symmetric matter since the trace over isospin will involve the difference
of proton and neutron distribution functions. The dispersion relations may be summarized in
matricial form D(q)φ(q) = 0 In symmetric matter the dispersion relation decouples in three blocks:
(σ-ω), (η) and (ρ-δ-a1-π):
D(q) =

Dσσ D
ν
σω 0 0 0 0 0
Dµσω D
µν
ωω 0 0 0 0 0
0 0 Dηη 0 0 0 0
0 0 0 Dδδ D
ν
δρ 0 0
0 0 0 Dαδρ D
µν
ρρ D
µν
aρ 0
0 0 0 0 Dµaρ D
µν
aa D
ν
aπ
0 0 0 0 0 −Dµaπ Dππ

φ(q) =

σ1
ω1 ν
η1
δ1
ρ1 ν
a1 ν
π1

(15)
with
Dσσ = q
2 −m2σ +Πσσ ; Dµνωω = qµqν + (m2ω − q2)gµν +Πµνωω ; Dµσω = Πµσω
Dηη = q
2 −m2η +Πηη
Dδδ = q
2 −m2δ +Πδδ ; Dµνρρ = qµqν + (m2ρ − q2)gµν +Πµνρρ ; Dµδρ = Πµδρ
Dµνaa = q
µqν + (m2a − q2)gµν +Πµνa ; Dµνaρ = Πµνaρ
Dππ = q
2 −m2π +Πππ ; Dµaπ = Πµaπ
In the preceding equations, the meson self couplings were not taken into account. If they are
present, they appear as mean field modifications. The dispersion relations in this case are given by
making the following replacements for the σ and π masses
m2σ →M2σ = m2σ + 2bmσH + 3cσ2H , m2π →M2π = m2π + gσππmσ σH
We will decompose the polarizations on the usual orthogonal set of tensors and vectors as follows
Πµνωω = −ΠωLLµν −Πω TT µν ; Πµσω = Πσωηµ
Πµνρρ = −ΠρLLµν −Πρ TT µν ; Πµδρ = Πδρηµ
Πµνaa = −ΠaLLµν −Πa TT µν −ΠaQQµν (16)
Πµνaρ = i Πaρǫ
µναβqαηβ ; Π
µ
aπ = i Πaπq
µ
with
ηµ = uµ − q.u
q2
qµ
Lµν =
ηµην
η2
; T µν = gµν − η
µην
η2
− q
µqν
q2
(17)
Qµν =
qµqν
q2
; Eµν = ǫµναβqαηβ
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The explicit expression of the polarizations can be found in the Appendix.
We obtain the dispersion relations by equating the determinant of the matrix D to zero
Det(D) = m2ρm
2
ω
[
(q2 −m2ω +ΠωL)(q2 −m2σ +Πσ) + η2Πσω
]
×
[
q2 −m2ω +ΠωT
]2 ×
×
[
q2 −m2a +ΠaL
]
× (m2a −ΠaQ)×
[
q2 −m2π +Ππ −
q2Π2aπ
m2a −ΠaQ
]
×
×
[
(q2 −m2ρ +ΠρT )(q2 −m2a +ΠaT ) + η2q2Π2aρ
]2 ×
×
[
(q2 −m2ρ +ΠρL)(q2 −m2δ +Πδ) + η2Πδρ2)
]
×
[
q2 −m2η +Πη
]
= 0 (18)
2.3 Propagators for the σ-ω-pi-ρ-δ-η-a1 model
The propagators G are obtained by inverting the dispersion matrix D.
The σ−ω sector has already been studied thoroughfully (see e.g. [2, 4, 39, 38, 40, 41, 43]). We
obtain as usual
Gσ =
1
q2 −m2σ +Πσ
(19)
Gµνω = −GωTT µν −GωLLµν −GωQQµν (20)
with GωL =
q2 −m2σ +Πσ
(q2 −m2ω +ΠωL)(q2 −m2σ +Πσ) + η2Π2σω
(21)
GωT =
1
q2 −m2ω +ΠωT
(22)
GωQ =
−1
m2ω
(23)
Gµσω =
Πσωη
µ
(q2 −m2ω +ΠωL)(q2 −m2σ +Πσ) + η2Π2σω
(24)
The σ meson mixes with the longitudinal part of the ω meson. The mixing effect is known to be
strong. A zero sound mode may appear in the longitudinal mode, with a strength which depends
on the values of the cutoff parameters in the nucleon form factors [2, 43].
The η meson decouples from the other ones in symmetric matter, therefore the calculation of
its propagator is trivial. We have:
Gη =
1
q2 −m2η +Πη
(25)
If we had not taken into account the a1 meson, the ρ-δ system would decouple and reproduce the
pattern of the σ-ω in the isovector sector. Now the ρ also couples to the a1 through the polarization
Πµaρ. Nevertheless, the calculation shows that the dispersion relation of the (ρ-δ-a1-π) subsystem
factorizes in three terms: a mode where the δ meson mixes with the longitudinal part of the ρ, a
mode where the transverse contribution from the a1 mixes with the transverse part of the ρ, and
a mode where the pion dispersion relation is modified by a term coming from the part of the a1
meson which is parallel to qµqν . We have
Gδ =
q2 −m2ρ +ΠρL
(q2 −m2ρ +ΠρL)(q2 −m2δ +Πδ) + η2Π2ρδ
(26)
Gµνρ = −GρTT µν −GρLLµν −GρQQµν (27)
with GρL =
q2 −m2δ +Πδ
(q2 −m2ρ +ΠρL)(q2 −m2δ +Πδ) + η2Π2ρδ
(28)
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GρT =
(q2 −m2a +ΠaT )
(q2 −m2a +ΠaT )(q2 −m2ρ +ΠρT ) + η2q2Π2ρa
(29)
GρQ =
−1
m2ρ
(30)
Gµδρ =
Πδρη
µ
(q2 −m2ρ +ΠρL)(q2 −m2δ +Πδ) + η2Π2ρδ
(31)
Gµνa = −GaTT µν −GaLLµν −GaQQµν (32)
with GaL =
1
q2 −m2a +ΠaL
(33)
GaT =
(q2 −m2ρ +ΠρT )
(q2 −m2ρ +ΠρT )(q2 −m2a +ΠaT ) + η2q2Π2ρa
(34)
GaQ =
−(q2 −m2π +Ππ)
(m2a −ΠaQ)(q2 −m2π +Ππ)− q2Π2aπ
(35)
Gπ =
1
q2 −m2π + Π˜π
; Π˜π = Ππ − q
2Π2aπ
m2a −ΠaQ
(36)
Gµaπ = −iGaπqµ ; Gaπ =
−Πaπ
(q2 −m2π +Ππ)(m2a −ΠaQ)− q2Π2aπ
(37)
Gµνaρ =
−iΠaρǫµνρλqρηλ
(q2 −m2ρ +ΠρT )(q2 −m2a +ΠaT ) + η2q2Π2ρa
(38)
The mixing with the a1 meson acts as a modification to the pion polarization. Using the
relations existing between Ππ, Πaπ and ΠaQ (see Appendix A), it can be recast into the form
Π˜π =
q2Ππ
q2 +
g2a
m2a
m2π
f2π
Ππ
(39)
It therefore comes out in a form similar as would a Landau-Migdal interaction. We would obtain
exactly the Landau-Migdal form in the relativistic case with the replacement
g2a
m2a
→ − g′ f
2
π
m2π
(40)
We must note however the sign in the previous equation. One would need a fictitious a1 field with
an imaginary coupling so that equation (40) may be fulfilled. Contrary to some expectations raised
in the literature [20], the a1 meson cannot be used to improve the short range behaviour of the
pion-nucleon interaction; instead it contributes an additional term which must be compensated by
e.g. a residual contact interaction.
Also when calculating the potential generated by the exchange of π and a1 mesons in vacuum,
one obtains after taking the semiclassical limit k/m≪ 1 and also k/ma ≪ 1
V NRπ+a = −
(
fπ
mπ
)2 1
3
[
~σ1.~σ2 − m
2
π
k2 +m2π
~σ1.~σ2 +
S12
k2 +m2π
]
+
g2a
m2a
[
−~σ1.~σ2 +O(k2)
]
(41)
and the term responsible for the δ(~r) singularity ~σ1.~σ2 after Fourier transforming to position space
would be removed by the same choice (g2a/m
2
a)→ − (1/3)(f2π/m2π).
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3 Short range behavior
As is well known, and also will be seen in section §4.4, the dispersion relations derived in the
preceding paragraph would lead to an excessive softening of the pion mode and to pion condensation,
which is not observed experimentally. This is due to the fact that we have not yet taken into account
the effect of short range corrections at this level of approximation. A related shortcoming of the pion
exchange model is that it gives a vanishing differential cross section at scattering angle θ = 180o in
the neutron-proton exchange reaction, in glaring contradiction with the experiment. Both features
are due to the fact that the contribution to the NN potential arising from pion exchange Vπ(r)
contain a piece δ(~r) singular at the origin. This is an artefact of the model due to the assumption
that the particles are pointlike. Such singular pieces in fact appear for all kinds of meson exchange.
Whereas it is enough for the σ, ω terms entering the definition of the central potential to smooth
this divergence by folding it with a form factor of the type
g2α → g2α
(
Λ2α −m2α
Λ2α − q2
)
α ∈ {σ, ω, π, ρ, ...},
it is necessary in the case of the pion to remove the δ(~r) function in order to arrive at a correct
description of the NN cross cross section and spin transfer observables [51].
Short range corrections of the desired type would arise in a many body calculation from higher
order correlations at the πNN vertex [56]. In a simpler approach, the usual practice is to Fourier
transform the potential to coordinate space and there remove the delta function by hand. This is
equivalent to adding to the potential the Migdal contact term g′σ1.σ2τ1.τ2. The delta substraction
procedure for the pion alone amounts to taking g′ = 0.333. A further contribution comes from the
rho. Phenomenology favors higher values g′ = 0.5 − 0.9. A recent analysis [57] extracted g′ = 0.6
from data on the Gamow Teller resonance. This procedure works well in the non-relativistic limit
[58] but has the disadvantage of not beeing covariant.
In the following we examine two procedures which have been suggested in the litterature to
introduce the Landau-Migdal short range correction in a covariant way.
3.1 Propagator replacement Ansatz
Horowitz et al [22, 23] suggest to replace the vertex and propagator of the pion as follows:
Γπ = γ5γ
µqµ
G0π =
1
q2 −m2π
→

Γµπ = γ5γ
µ
G0 µνπ =
qµqν
q2 −m2π
− g′gµν
 (42)
In the medium, the pi and rho propagators obey the coupled Dyson equation G = G0 +G0ΠG or
equivalently, [G]−1 = [G0]
−1 −Π, or explicitely
[G]−1 =
 qµqν + (m2ρ − q2)gµν +Πµνρρ Πµνρπ
Πµνπρ
qµqν
g′[q2 − g′(q2 −m2π)]
− g
µν
g′
+Πµνππ
 (43)
The “pion” polarization which appears in this expression is given by
Πµνππ = −
(
fπ
mπ
)2 ∫
d4pTr
[
γ5γ
µS(p − q
2
)γ5γ
νS(p+
q
2
)
]{
ϕ(p− q2 )− ϕ(p + q2)
2p.q − iǫ
}
(44)
= −ΠπTT µν −ΠπLLµν −ΠπQQµν (45)
and the usual pseudovector pion polarization is recovered by contracting with qµqν
ΠPV = −Πµνπ qµqν = −q2ΠπQ (46)
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This “pion” mixes with the ρ meson, due to the polarization
Πµνπρ = i
∫
d4pTr
[(
fπ
mπ
γ5γ
µ
)
S(p− q
2
)
(
gργ
ν +
fρ
2m
σνλqλ
)
S(p+
q
2
)
]{
ϕ(p − q2)− ϕ(p + q2)
2p.q − iǫ
}
= Ππρ ǫ
µνρλqρηλ (47)
The full dispersion relation in the π-ρ sector is obtained by taking the determinant of (43). We
have
Det(G−1) = m2ρ
[
(
1
g′
+ΠπT )(q
2 −m2ρ +ΠρT )− η2q2Π2ρπ
]2
×
[
q2 −m2ρ +ΠρL
]
×
×
[
q2 −m2π −
q2ΠπQ
1 + g′ΠπQ
]
× (1 + g′ΠπL)× (1 + g
′ΠπQ)
g′[q2 − g′(m2π − q2)]
(48)
By inversion of (43), we obtain the propagators
G(H)µνρ = −G(H)ρL Lµν −G(H)ρT T µν −G(H)ρQ Qµν
G
(H)
ρL =
1
q2 −m2ρ +ΠρL
(49)
G
(H)
ρT =
1
q2 −m2ρ +ΠρT − η2q2g′
Π2ρπ
1 + g′ΠπT
(50)
G
(H)
ρQ =
−1
m2ρ
(51)
G(H)µρπ = Gρπ ǫ
µνρλqρηλ
G(H)ρπ =
−Πρπ
(q2 −m2ρ +ΠρT )(
1
g′
+ΠπT )− η2q2Π2ρπ
(52)
G(H)µνπ = −G(H)πL Lµν −G(H)πT T µν −G(H)πQ Qµν
G
(H)
πL =
g′
1 + g′ΠπL
(53)
G
(H)
πT =
(q2 −m2ρ +ΠρT )
(q2 −m2ρ +ΠρT )(
1
g′
+ΠπT )− η2q2Π2ρπ
(54)
G
(H)
πQ =
[g′(m2π − q2) + q2]
(m2π − q2)(1 + g′ΠπQ) + q2ΠπQ
(55)
Using the relations between the polarizations Πaρ, Ππρ, ΠaL, ΠπL, it can be checked that one
can go from the equations for the ρ-a1-π system to those resulting from the Ansatz of Horowitz by
taking the limit q2/m2a → 0 and replacing (ga/ma)2(mπ/fπ)2 by −g′, so that we see again that the
mixing with the a1 meson acts as a Landau-Migdal term with the opposite sign.
3.2 Contact term
The procedure consisting of adding a contact term to the Lagrangian is straightforward
L ∋ ψ
[
i
2
←→
∂ −m− fπ
mπ
γ5γ
µ∂µ~π.~τ
]
ψ − gA(ψγ5γµ~τψ).(ψγ5γµ~τψ) (56)
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The new term does not directly modify the field equations for the pi meson. Rather, it contributes
an additional pseudovector term to the evolution equation for the Wigner function. Following the
derivation method used above, after neglecting all correlations, we obtain at first order[
γµ(pµ − qµ
2
)−m
]
F1(x, p) ∋
[
i
fπ
mπ
γ5γ
µqµ~τ .~π1(q) + 2gAγ5γ
µ~τ . ~Pµ1 (q)
]
FH(p +
q
2
) (57)[
−q2 +m2π
]
~π1 = i
fπ
mπ
~Pµ1 qµ (58)
with
~Pµ1 (q) =
∫
d4k Tr [γ5γ
µ~τF1(q, k)] (59)
Taking the trace of Eq. (8), where Φ(q) should now be replaced by Φ(q) + 2gAγ5γµ~τ ~P
µ
1 (q), with
γ5γ
µ and integrating, yields a self consistent equation for Pµ1
~Pµ1 (q) = i
fπ
mπ
ΠµνAAqν ~π1(q) + 2gAΠ
µν
AA
~P1 ν(q) (60)
The polarization
ΠµνAA =
∫
d4p Tr
[
γ5γ
µτG(p − q
2
)γ5γ
ντFH(p+
q
2
) + (G↔ FH)
]
= −ΠQAAQµν −ΠTAAT µν −ΠLAALµν
has already been met before. The equation is easily solved as
~P ν1 qν = i
(
fπ
mπ
)
q2ΠQAA
1− 2gAΠQAA
~π1 (61)
Replacing this solution in the first order term of the field equation for the pion, we obtain the
dispersion relation of the pion modified by a contact term[
q2 −m2π −
(
fπ
mπ
)2 q2ΠQAA
1− 2gAΠQAA
]
= 0 (62)
With −(fπ/mπ)2q2ΠQAA = ΠPV, and defining 2gA(mπ/fπ)2 = g′, we recover the standard expression
for the pion pseudovector polarization modified by the Landau-Migdal g′ parameter.
Π˜π = −
(
fπ
mπ
)2 q2ΠQAA
1− 2gAΠQAA
=
ΠPV
q2 − g′ΠPV (63)
Apart from redefining the pion polarization, the gA contact term also mixes with the transverse
part of the ρ meson. The result is given in Eq. (73). Let us nevertheless study before a more
general choice of the contact interaction. The rho meson exchange potential also gives rise to a
delta function in the coordinate representation of the potential (see eq. (114)). This delta can be
eliminated independently from the one appearing in the pion potential if we add another contact
term for the ρ meson
L ∋ ψ
[
i
2
←→
∂ −m− gργµ~ρµ.~τ
]
− 1
4
RµνR
µν +
1
2
m2ρρµρ
µ − gR(ψγµ~τψ).(ψγµ~τψ) (64)
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When solving the equation for the Wigner function, there is an additional contribution to the
isovector density. At first order of the linearization procedure, we have[
γµ(pµ − qµ
2
)−m− γµ(gρρH µ + 2gRIH µ)τ3
]
F1(x, p)
=
[
gργ
µ~τ~ρ1µ(q) + 2gRγ
µ~τ . ~R1µ(q)
]
FH(p+
q
2
) + ... (65)
with
~Rµ1 (q) =
∫
d4k Tr [γµ~τF1(q, k)] (66)
In symmetric matter, the mean value of the rho Hartree field and the contribution to the isospin
current IµH =
∫
d4p Tr[γµτFH ] vanish. ~R
µ
1 (q) obeys the self-consistent equation
~Rµ1 (q) = −gρΠµνVV ~ρ1 ν − 2 gR ΠµνVV ~R1 ν (67)
where ΠµνVV is the vector contribution to the ρ polarization Π
µν
ρ = g
2
ρΠ
µν
VV + 2gρfρΠ
µν
VT + f
2
ρΠ
µν
TT . It
is solved by projecting this relation on T µν , Lµν and Qµν . In the general case that pion, rho
and a1 fields are present, and we moreover introduce both the contact terms gA(ψγ5γµτψ)
2 and
gR(ψγ
µτψ)2, the various conponents obey coupled equations. As before, the longitudinal modes
decouple, whereas the transverse mode of the a1 is mixed with the ρ and the pion mode is modified
by the part of the a1 polarization which is parallel to q
µqν . We arrive at the dispersion relations
[
q2 −m2π −
(
fπ
mπ
)2 ΠQAAq2
1− (2gA + (g2a/m2a)) ΠQAA
]
~π1(q) = 0 (68)
(q2 −m2ρ + Π˜ρ T )T µν~ρ1 ν + Π˜ρa TT µν~a1 ν = 0 (69)
(q2 −m2a + Π˜a T )T µνρ1 ν + Π˜aρ TT µν~ρ1 ν = 0 (70)
(q2 −m2ρ + Π˜ρL)Lµν~ρ1 ν = 0 (71)
(q2 −m2ρ + Π˜aL)Lµν~a1 ν = 0 (72)
The explicit form of the polarizations corrected by the contact terms gA, gR is given in Appendix
B. When gR=0, the polarizations of the ρ reduce to
Π˜ρT = ΠρT +
2gA(ΠAR)
2
1− 2gAΠTAA
Π˜ρL = ΠρL (73)
The equations (63,73) are in fact the same as obtained from Horowitz propagator replacement
Ansatz (see the third factor in eq. (48) and eq. (50)). One should notice however that the later
Ansatz, apart from producing the desired result for the pi and transverse rho propagators, also
introduces additional spurious terms in the dispersion relation (48) arising from the unphysical
part of the new “pion” propagator orthogonal to qµqν like e.g. 1 + g′ΠπT and 1 + g
′ΠπL.
4 Dispersion relations: numerical results
In this section we study the dispersion relations which result from the models described in the
previous sections. We will concentrate on the δ-ρ-π-a1 sector, since the σ-ω branches have been
studied extensively elsewhere.
12
4.1 Model parameters
When not explicitely stated otherwise, the parameters are chosen to be those of the Bonn potential
[6]. They are summarized in the following table.
meson α mα [MeV]
g2α
4π
Λα
σ 550. 8.2797 2000.
ω 782.6 20 1500.
π 138. 14.6 1300.
ρ 769. 0.81 2000.
( fρ/gρ=6.1) (nρ =2)
δ 983. 1.1075 2000.
η 548.8 5 1500.
The coupling of the pion is taken in this Bonn model to be g2π/(4π) = 14.6. One usually prefers
now a somewhat lower value g2π/(4π) ≃ 13.67 so that fπ = mπgπ/(2m) ≃ 0.965. An other issue is
the value of the cutoff, which is taken to be 1300 MeV in the Bonn model, whereas most calculations
and experimental determinations of this parameter would give Λπ ≃ 800 MeV.
Data for the coupling of the a1 meson to the nucleon is scarce. A simple realization of the
chiral symmetry is ga = gρ. From early chiral models by Weinberg and Wess & Zumino [7] one
obtains the relation ga = ma(fπ/mπ). With ma=1260 MeV and fπ ≃ 0.965 as determined from
NN scattering data, this yields ga ≃ 8.79. More recent implementations of the chiral model [11, 15]
point out the difficulty in adjusting all known data on the width and mass of the a1 and quote
values ranging from 3.8 to 18 [15]. Another value used in the literature is ga = 6.44 [17]. Reference
[59] also provides us with a rather low value for the cutoff ΛaNN = 809 MeV. Here we will work
with ga = 8.8 and a higher value of the cutoff ΛaNN = 2000 MeV.
4.2 Longitudinal δ-ρ mode
The dispersion relations were calculated with the parameters of Machleidt’s Bonn potential [6] using
three alternative renormalization schemes. As discussed e.g. in [5], where the dispersion relation
of the rho was studied without mixing, the polarizations contain a diverging contribution from
vacuum fluctuations which has to be renormalized. One may define several subtraction schemes,
which, unfortunately, lead to very different behaviors of the mesons effective masses. In [5] two
classes of renormalization procedures were identified
– a first class which renormalizes divergences of the form M2/ǫ by subtracting a general coun-
terterm A0 +A1σ +A2σ
2, and adjust the constants so that the polarization Π and its derivatives
(∂Π/∂σ), (∂2Π/∂σ2) vanish at some point. In this way, one tries to minimize the effect of introduc-
ing new couplings with the sigma field in the counterterm Lagrangian, which are not present in the
original physically motivated Lagrangian. In references [2, 3], the renormalization point is chosen
to be the mass shell q2 = m2α for the polarization as well as its derivatives. In [38] Kurasawa and
Suzuki subtract the polarization at q2 = m2α but the derivatives at q
2 = 0. Using this procedure,
the ω meson mass decreases with density, however the ρ mass increases due to the tensor coupling
fρ.
– a second class which preserves the structure of contributionsM2/ǫ = (m−gσσ)2/ǫ by subtracting
a countertern in the form A(m−gσσ)2. A is determined by setting A = 0 at some point (at q2 = m2α)
Since we have only one parameter A, it is not possible to minimize the new couplings to the σ field
introduced in the counterterm Lagrangian. Using this procedure, the ρ meson mass decreases with
density.
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The reader is referred to [5] and Appendix A.2 for further details. Once a renormalization
procedure is chosen, it should be used for all mesons.
The first renormalization scheme (scheme A) used in this paper belongs to the first class for all
mesons. For the ρ meson, it is the “scheme 2” described in the Appendix C of [5]. For the δ meson,
it is obtained by replacing everywhere mσ and gσ by mδ and gδ in the expression for the vacuum
polarization of the σ given in Ref. [3]
The second renormalization scheme (scheme B) belongs to the second class for all mesons. For
the ρ meson, it is the “scheme 3” described in the Appendix C of [5].
A third renormalization scheme (scheme C) is used for comparison with calculations published
in the litterature [44]. For the rho meson, it uses as in [44] the procedure of Shiomi and Hatsuda
[42], which according to the classification given above, belongs to the second class. Moreover, the
polarization obtained in this paper subtract the vacuum polarization at all k, so that it vanishes
identically in the vacuum. In contrast, the vacuum polarization of schemes A and B does not vanish
away from the mass shell. For the δ meson, it uses as in [44] the procedure of Kurasawa and Suzuki
(KS) (thus belonging to the first class defined above) and then subtract the vacuum polarization
at all k, Πvac(M,k) = ΠKS(M,k) −ΠKS(m,k).
Several parameter sets were tried besides those given in the table of §4.1. In all cases, we find
normal mode branches for the δ and longitudinal ρ (see Fig. 1). For the ρ, there are moreover two
heavy meson branches. Contrary to the very similar σ-ω system, no zero sound mode was found.
Effective masses can be defined as usual as the solution(s) m∗i = ω of the dispersion relation
D(ω,~k) = 0 at ~k = 0. With the renormalization scheme A, the ρ meson mass increases with density
and the δ meson mass also slightly increases (see Fig. 2). With renormalization scheme B, the ρ
meson mass first decreases, reaches a minimum at ∼ 1.8 ρ0 and then slowly increases, whereas the
delta meson mass increases reaches a maximum at ∼ 0.8 ρ0 and then decreases. The ρ and δ masses
are almost constant with temperature (see Fig. 3) with both m∗ρ and mδ slightly decreasing. This
figure was plotted using renormalization scheme A. In scheme C we reproduced the results of [44],
with both the rho and delta masses decreasing as a function of density.
This illustrates again the difficulties met with the standard renormalization techniques, which
preclude a reliable prediction of the behavior of the effective meson masses in the medium. One
cannot simply drop the contribution of the vacuum term by performing a normal ordering, since the
contribution left out depends on the density through the effective mass of the nucleon. Moreover,
pathologies appear in the dispersion relation (kinks, no clean normal modes) if one attempts to do
so [3, 5, 39]. One could in principle apply a subtraction procedure at the one-loop order, however
the various schemes used in the litterature [2, 38, 42] lead to widely different results. This is
related to the fact that we are dealing with an effective theory which should enforce the scalings
and symmetries of the underlying more fundamental theory, whereas the approximation made to
the full many-body theory (here, RPA) blurs these concepts. There is some hope that one could
solve the problem by applying “naturalness” and symmetry arguments [60, 61]. At the time of
writing however, we must consider this a still unsolved problem.
One sometimes defines a mixing angle [62] by
θδρL =
1
2
arctan
[
2
√|η2|Πρδ
m2δ −m2ρ −ΠρL +Πδ
]
(74)
which is obtained from the diagonalization of the mass matrix for the mixed dispersion relation of
two mesons A and B in the timelike region q2 > 0, η2 < 0:
M =
[
m2A −ΠA −
√|η2|ΠAB
−√|η2|ΠAB m2B −ΠB
]
(75)
det [q2I −M] = (q2 −m2A +ΠA)(q2 −m2B +ΠB) + η2Π2AB
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The mixing angle is calculated at the solutions of the dispersion relation, there is therefore one
for each branch. The mixing angle is represented for renormalization schemes A and B in Fig. 4
as a function of density at vanishing temperature for a momentum k = 300 MeV. Schemes B and
C yield values of θδρL of the order of a few degrees. The higher values found in scheme A results
in fact no so much from the strength of the mixing, but rather from the fact that the difference of
the effective masses of the δ and ρ happens to be smaller in this scheme.
The behavior with k is non monotonous. It is represented in Fig. 5 in renormalization scheme
B at T = 0 and nB = 3 nsat. We also calculated the effect of finite temperature. The mixing angle
decreases with T in all renormalization schemes. This might reduce the effectiveness of δ-ρ mixing
as a mechanism invoked by the authors of [44] for dilepton production.
4.3 Transverse a1-ρ mode and longitudinal a1
Here we investigate the dispersion relation of the a1 meson, and in what measure does the mixing
with the a1 meson modify the transverse ρ dispersion relation.
The dispersion relation for the longitudinal a1 mode is represented on Fig. 6 with renormaliza-
tion schemes A and B. Only normal branches appear.
The a1-ρ mixing vanishes at ~k=0. It therefore does not affect the effective masses, and m
∗
a
coincides as calculated from the transverse or longitudinal dispersion relations. The a1 effective
mass is plotted on Fig. 7. With renormalization scheme A, it decreases slightly with increasing
density. When using renormalization scheme B, a non monotonous behavior is obtained for the a1
mass, which first presents a steep increase at low density, and then decreases again, in contradiction
with the behavior expected from QCD sum rules [63, 64, 65]. In the case of the a1 meson therefore,
the renormalization scheme A seems in better agreement with the results expected from other
QCD-based models, whereas we saw that for the ρ meson, scheme B would have seemed preferable.
A third renormalization scheme was also tried (let us call it scheme C), using the same procedure
as for the δ in [44], (that is, subtracting the vacuum at all k from the expression obtained from
the procedure of Kurasawa and Suzuki, see previous section and Appendix A.2). In this scheme,
the effective mass of the a1 decreases. The behavior of m
∗
a as a function of temperature was also
investigated; for all renormalization schemes it is almost constant as a function of temperature.
At finite k, the a1-ρ mixing sets on. It does not appreciably affect the position of the normal
branches. Nevertheless, it amplifies somewhat the (spurious) zero sound branch which may appear
in the transverse part of the dispersion relation at high density. This mode corresponds to the
ρ meson and is due to the high value of the tensor coupling fρ/gρ = 6.1 of the Bonn potential.
It is weaker and appears at a higher density with the vector dominance value fρ/gρ = 3.7 and
disappears completely if fρ=0. Note however that a high value of fρ is also supported by QCD
sum rule calculations [66]. This mode is present in both schemes a high enough density, but is
stronger in scheme A. Such a mode would lead to divergences, or at least an enhancement of
Friedel oscillations of the ρ contribution to the screened nucleon-nucleon potential [5]. It could be
eliminated if a strong cutoff is applied to the ρ meson, of the order of 1200 - 1300 MeV. An other
possibility is to use the contact term introduced in section §3.2, which we will need anyway for the
pion. It was checked that the spurious zero sound branch appearing in the ρ dispersion relation is
removed at all densities by the contact term used in next section.
The strength of the a1-ρ mixing can be estimated by calculating the mixing angle, as explained
in the previous section. In Fig. 8 it is shown at T = 0 and k= 300 MeV.
4.4 Pion mode
If the dispersion relation is calculated with pure pseudovector coupling, and neither mixing with the
a1 meson nor Ansa¨tze for short range corrections (a` la Horowitz or Landau-Migdal contact term)
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are taken into account, a zero sound mode is found already at saturation density in renormalization
scheme A. The short range corrections must be added since such a mode is not observed. Before
we pass to examine this point, let us first make a few more observations.
Contrary to the non relativistic case, the zero sound mode is found to disappear again at higher
density. Such a behavior was already noticed by Dawson and Piekarewicz [67]. The zero-sound
problem is in part due to the high value of the cutoff Λπ of the Bonn potential model, whereas
several studies favour a lower value Λπ = 800 MeV. If we choose g
2
π/(4π) and Λπ = 800 MeV, there
is only a tiny zero sound branch around k = 250 MeV, between nB = 0.72 nsat and nB = 1.2 nsat.
In renormalization scheme B, no zero sound mode is found when pure pseudovector coupling
of the pion is used without mixing with the a1. However this renormalization scheme appears less
favorable when we consider the behavior of the effective pion mass. Whereas the pion mass stays
approximately constant with scheme A, it strongly decreases with density when scheme B is used.
In both cases, it is possible to adjust the effective mass at saturation density as measured in
recent experiments [68] by adding a small admixture of pseudoscalar coupling ( L ∋ ψ (iαgπγ5~π.~τ
+(1− α)(fπ/mπ)γ5γµ∂µ~π~τ)ψ + 12gσππmσσπ2 [69]. Such an admixture has been considered from
the theoretical [70] as well as phenomenological [71, 72] point of views. Gross et al. [72] could allow
a value as high as 25 % of PS admixture whereas Goudsmit et al. [71] found an optimal value of
3.5 %.
The σπ2 term must be introduced in order to compensate the contribution of the pseudoscalar
coupling to the pion-nucleon scattering. The π − N scattering length can be reproduced when
choosing gσππ = α
2(g2π/gσ)mσ. With this value, the pion mass can be adjusted to the value
extracted from measurements of the pionic atom [68] mπ(nsat) = 1.1 ± 0.03, with α = 0.0735 in
renormalization scheme A and α = 0.118 in renormalization scheme B.
As was to be expected, the zero sound branches are amplified when the mixing with the a1
meson is taken into account, since it modifies the pion dispersion relation formally as would a
Landau-Migdal contact term but with the opposite sign. Then it is present in renormalization
scheme B as well. The zero sound branch can be eliminated as before by adding a contact term.
The relevant formula when a PS admixture and a σπ2 term are also present is
q2 −m2π − gσππmσσ + Π˜π = 0
Π˜π =
[(
fπ
mπ
)2
ΠPV + g
2
πΠPS + 2gπ
fπ
mπ
Πmix
]
−
(
g2a
m2a
+ 2gA
)(
gπΠ
PSµ
πa qµ +
fπ
mπ
ΠPVµπa qµ
)2
q2 +
(
g2a
m2a
− 2gA
)
ΠPV
Πmix =
1
2M
ΠPV , ΠPS =
(
1
2M
)2
ΠPV − 8
∫
d4 p ϕ(p)
ΠPVµπa qµ = ΠPV , Π
PSµ
πa qµ =
1
2M
ΠPV (76)
(For clarity we draw the coupling constants out of the definition of the polarizations in this equa-
tion.) Mixing with the a1 can somewhat increase the effective pion mass. This effect is less
important after including the pseudoscalar admixture.
The Horowitz Ansatz was also studied. The part of the dispersion relation which corresponds
to the pion mode has the required form of a pseudovector coupling with a short range correction
of the Landau-Migdal contact type. This removes the zero sound branch which appeared there for
a pure pseudovector coupling. However, this Ansatz does also affect the rho meson mode through
mixing with the fictitious ”pion” introduced there. It is seen in dispersion relation Eq. (43) that
there are also factors 1+g′ΠπT , 1+g
′ΠπL . It was found that these terms give spurious branches in
the spacelike region whatever renormalization scheme was used. The most favorable case was that
16
of scheme A, which removes the branch due to 1 + g′ΠπL entirely and part of that due 1 + g
′ΠπT
at low density. These branches are an artefact of the unphysical components of the auxiliary
pseudovectorial “pion” and should be removed carefully by hand at the end of the calculation. We
therefore prefer using the contact Lagrangian of section §3.2, since this is free from such problems
from the onset, moreover it permits easily to allow for a PS admixture, whereas Horowitz Ansatz
can only be implemented for a pure pseudovector coupling.
5 Conclusions
This work gathers and extends results on the dispersion retations of mesons in relativistic nuclear
matter at high density and finite temperature, as obtained in the RPA approximation to the
quantum hadrodynamics. Besides the “standard” mesons σ, ω, π, ρ, results for additional mesons
δ, a1 are given. Both mix with the ρ meson, the δ with the longitudinal mode and the a1 with
the transversal mode. They therefore may represent an additional source of modification of the
dilepton production at finite density and temperature. Also, new interest arises in the δ meson in
the context of the description of asymmetric matter in density dependent mean field theories [46].
Various ways of introducing short range corrections in order to eliminate unobserved zero sound
modes at saturation density were examined. It is seen that the a1 meson mixes with the pion so that
it acts exactly as would a Landau-Migdal contact term, but with the ”wrong” sign. The Ansatz
by Horowitz comes with the right sign, however it introduces spurious branches in the transverse
channel which badly affect the dispersion relation in the spacelike region. A simple standard contact
interaction in the Lagrangian does the job best.
It was shown that the results are affected by the way the renormalization is performed in
order to regulate the high momenta divergences. Without any renormalization, there appear kink
structures in the effective meson masses as a function of density, no matter what a strong cutoff is
applied. The expected branches are recovered when applying a renormalization procedure. Among
the possible subtraction procedures, two schemes A and B were introduced and their predictions
compared. Such important results as the behavior of the effective meson masses or the presence of
zero sound modes differ widely whether one or the other scheme is used. In order to be consistent,
a same scheme should be used for all mesons. Schemes of the A class have been used in previous
litterature to study σ, ω and π mesons. Scheme A yields results more in agreement with other
models for the behavior of the π, σ and a1 masses, but would predict an increasing ρ meson mass.
On the other hand, schemes of the B class which give a decreasing rho meson mass, as favored by
theoretical models and experimental data, would predict strongly increasing σ and a1 masses, and
a rapidly dropping pion mass. This last result stands in strong disagreement with the expected
behavior of a Goldstone boson and the recent experimental determination of [68].
A renormalization procedure which would respect the scalings and symmetries [60] of the un-
derlying more fundamental theory of which the effective Lagrangian means to be a low energy
approximation is clearly needed.
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Appendix A: Polarizations
There are contributions from the meson self interaction terms and from the particle hole insertions
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The (retarded) particle hole insertions are given by
ΠAB(p) =
∫
d4p Tr
[
ΓAS(p− k
2
)ΓBS(p +
k
2
)
]{
ϕ(p + q2 )− ϕ(p − q2)
2p.q − i ǫ sign(p0)
}
(77)
where
S(p) = γ.P +M,
ϕ(p) =
d
(2π)3
δ(P 2 −M2) [θ(p0)n(p) + θ(−p0)n(p)− θ(−p0)] ,
d = 2 is the isospin degeneracy, and the ΓA are the vertices, respectively for the σ, ω, π, ρ, a1
couplings to the nucleon
ΓA ∈ (gσ, gωγµ, igπγ5, i(fπ/mπ)γ5γµqµ, gργµ + fρ
2M
σµνqν, ga1γ5γ
µ) (78)
As an example, we have
Tr[{ga1γ5γµ}GN (p −
k
2
){ga1γ5γν}GN (p+
k
2
)] =
4g2a1 [(−p2 −M2 +
k2
4
)gµν − 1
2
kµkν + 2pµpν ] (79)
Tr[{gργµ − fρ
2m
σµαkα}GN (p− k
2
){ga1γ5γν}GN (p+
k
2
)] =
Tr[{ga1γ5γµ}GN (p −
k
2
){gργν + fρ
2m
σναkα}GN (p + k
2
)] =
4iga1(gρ + fρ)ǫ
µναβkαpβ (80)
In symmetric nuclear matter, the polarization matrix have the components
Πσσ Π
ν
σω 0 0 0 0 0
Πµσω Π
µν
ωω 0 0 0 0 0
0 0 Πηη 0 0 0 0
0 0 0 Πδδ Π
ν
δρ 0 0
0 0 0 Παδρ Π
µν
ρρ Π
µν
aρ 0
0 0 0 0 Πµaρ Π
µν
aa Π
ν
aπ
0 0 0 0 0 −Πµaπ Πππ

(81)
In asymmetric nuclear matter the mixing polarizations Πµνωρ, Π
µ
σρ, Πσδ , Π
µ
δω , Π
µν
ωa1
... would not
vanish. Asymmetric matter is discussed in a companion paper [35].
The polarizations involving the a1 meson are related to others by the following equations
Πµνaa =
g2a
g2ω
Πµνωω +
g2a
(fπ/mπ)2
gµν
q2
ΠPVππ ⇒ ΠaQ = −
g2a
(fπ/mπ)2
1
q2
ΠPVππ
Πµaπ = i
ga
(fπ/mπ)
qµ
q2
ΠPVππ (82)
These relations are used to simplify the expression of the pion propagator appearing in Eq. (36)
Π˜π = Πππ − q2 Π
2
aπ
m2a −ΠaQ
=
q2Πππ
q2 +
g2a
m2a
m2π
f2π
Πππ
(83)
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A.1 - Polarizations, real matter part
The matter part of the polarizations is given by
Π(mat)σ = −d
g2σ
2π2
[
2X0 +
(
q4
4
−M2q2
)
I00
]
(84)
Π(mat)σω = −d
gσgω
2π2
Mq2
[
I10 −
ω
k
I01
]
ηµ (85)
Πµνω = −Πω LLµν −Πω TT µν ;
Π
(mat)
ωL = −d
g2ωq
2
2π2
[
I20 − I02
]
(86)
Π
(mat)
ωT = −d
g2ω
4π2
[
M2q2I00 + (ω2 + k2)
(
I20 + I02
)
− 4ωkI11
]
(87)
Π
(mat)
δ = −d
g2δ
2π2
[
2X0 +
(
q4
4
−M2q2
)
I00
]
(88)
Π
(mat)
δρ = −d
gδ
4π2
(
2Mgρ +
fρ
2m
q2
)
q2
[
I10 −
ω
k
I01
]
ηµ (89)
Πµνρ = −ΠρLLµν −Πρ TT µν ;
Π
(mat)
ρL = −d
g2ρq
2
2π2
[
I20 − I02
]
− d
(
fρ
2m
)
gρ
Mq4
2π2
I00
−d
(
fρ
2m
)2 q2
2π2
[
M2q2I00 + k2I20 + ω2I02 − 2ωkI11
]
(90)
Π
(mat)
ρT = −d
g2ρ
4π2
[
M2q2I00 + (ω2 + k2)
(
I20 + I02
)
− 4ωkI11
]
−d
(
fρ
2m
)2 q4
4π2
[
M2I00 + I20 − I02
]
− d
(
fρ
2m
)
gρ
Mq4
2π2
I00 (91)
Π
(mat)
π PV = −d
q4M2
2π2
(
fπ
mπ
)2
I00 (92)
Πµνa1 = −ΠaLLµν −ΠaTT µν −ΠaQQµν ;
Π
(mat)
a L = d
g2aq
2
2π2
[
M2I00 − I20 + I02
]
(93)
Π
(mat)
a T = d
g2a
4π2
[
M2q2I00 − (ω2 + k2)
(
I20 + I02
)
+ 4ωkI11
]
(94)
Π
(mat)
a Q = d
g2a
2π2
q2M2I00 (95)
Πµνaρ = id
ga
4π2
(
gρ + 2M
fρ
2m
)
ǫµναβqαηβ q
2
[
I10 −
ω
k
I01
]
(96)
The integrals Inm which appear in these expressions are given by
Inm(ω, k) =
∫
∞
0
dp p2
(√
p2 +M2
)n−1
Im(p, ω, k)
[
n(p) + (−1)m+n n(p)
]
Im(p, ω, k) =
∫ +1
−1
du
(p u)m
(w
√
(p2 +M2)− pku− q2/2)(w√(p2 +M2)− pku+ q2/2) (97)
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A.2 - Polarizations, vacuum part
The vacuum part of the polarizations comes from the −θ(−p0) term in the definition of the rel-
ativistic Hartree approximation to the Wigner function. It is divergent but can be renormalized
by dimensional regularization and subtraction of appropriate counterterms. The standard proce-
dure is exposed in [2, 37]. In the case of the ρ and π mesons, the derivative coupling makes the
model nonrenormalizable in the usual sense. In practice however, a renormalization scheme can
be defined at a given order of perturbation / loop expansion. One has the choice between several
renormalization schemes, which were divided in [5] into two subclasses: the “increasing rho mass”
and the “decreasing rho mass” classes, in reference to the much debated issue of the interpretation
of dilepton production in heavy ion collisions and the Brown-Rho scaling conjecture. To the former
class belong earlier procedures by Chin or Kurasawa and Suzuki [37, 38]. In the latter class we find
more recent procedures used by Shiomi and Hatsuda [42, 44]. Both classes have advantages and
drawbacks. In any case, a same scheme should be used for all mesons.
To the Lagrangian (1) we will have to add the following counterterm Lagrangian in order to
perform the dimensional regularization and renormalization of diverging vacuum terms
LCT = Zσ(∂µσ)2 +Aσσ2 +Bσσ3 + Cσσ4 + ZωFµνFµν +
+
(
Zρ + Yρ σ +Xρ σ
2
)
Rµν +Wρ(∂
µRµλ)(∂νR
νλ)
+(Aπ +Bπ σ + Cπ σ
2)π2
+ZaAµνAµν +
(
Aa +Ba σ + Ca σ
2
)
aµaµ +
(
F +Gσ σ +Hσ σ
2
)
(aµ∂µπ) (98)
Renormalization scheme A
The first renormalization scheme is obtained by imposing that the polarization vanish in vacuum
(M = m) on the mass shell q2 = m2α, for each meson α = σ, ω, δ, ρ, π, a1, η. We also require that
the derivative with respect to q2 vanishes on the mass shell for the mesons ρ and a1. For all mesons
except the ω, divergences of the type M
2
ǫ
, ǫ → 0 appear, which require for their cancellation
counterterms like Aσσ
2 + Bσσ
3 + Cσσ
4. The additional constants are fixed by imposing that the
derivatives with respect to the σ field vanish.
∂Π
∂σ
∣∣∣∣
shell
= 0 ,
∂2Π
∂σ2
∣∣∣∣
shell
= 0 (99)
The expressions given here are that of reference [4] for the σ and ω. We have:
Π(vacA)σσ =
d
2
g2σ
2π2
[
6M2 logM − q2(logM + θ) + 4M2θ − (4−m2σ) θσ
+(q2 −m2σ)
(
θσ − (4−m2σ) θσq
)
+(1−M)
(
6−m2σ + (4−m2σ)θσm + 8 θσ
)
−1
2
(1−M)2
(
18 +m2σ + (4−m2σ) θσmm + 8 θσ + 16 θσm
)]
(100)
where we express all quantities in units of the nucleon mass (“m=1”) and with the definitions
θ = θ(q2,M2) = y
∫
∞
0
dx
(x2 + y)
√
x2 + 1
with y = 1− q
2
4M2
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θσ = θ(m
2
σ,m
2) , θσm =
∂θ
∂M
∣∣∣∣
q2=m2
σ
,M=m
, θσmm =
∂2θ
∂M2
∣∣∣∣
q2=m2
σ
,M=m
(101)
θσq =
∂θ
∂(q2)
∣∣∣∣
q2=m2
σ
,M=m
The expression for Π
(vac A)
δ is identical to that for Π
(vacA)
σ when replacing gσ, mσ, θσ ... by gδ, mδ,
θδ ... For the ω meson the renormalized vacuum polarization is given by
Πµν(vac A)ωω =
d
2
g2ω
3π2
[
logM + θ +
2M2
q2
(θ − 1)− 1
m2ω
(
(2 +m2ω) θω − 2
)]{
q2gµν − qµqν
}
(102)
For the ρ we take the “scheme 2” expression of reference [5].
Πµν(vac A)ρρ =
d
2
{
g2ρ
3π2
[
logM + θ +
2M2
q2
(θ − 1)− 1
m2ρ
(
(2 +m2ρ) θρ − 2
)]
+
2
π2
(
fρ
2m
)[
M (logM + θ)− θρ − (1−M) (θρ + 1 + θρm)
]
+
(
fρ
2m
)2 1
6π2
[
6M2 logM + 8M2θ + q2(logM + θ)− (8 +m2ρ) θρ
+(1−M)
(
6 +m2ρ + 16 θρ + (8 +m
2
ρ) θρm
)
−1
2
(1−M)2
(
18−m2ρ + 16 θρ + 32 θρm + (8 +m2ρ)θρmm
)
−(q2 −m2ρ)
(
(8 +m2ρ) θρq + θρ
)]} {
q2gµν − qµqν
}
(103)
For the pion with pseudovector coupling, we obtain
Π
(vac A)
ππ PV = −d
2
2
π2
(
fπ
mπ
)2
q2
[
M2(logM + θ)− θπ + (1−M) (1 + 2θπ + θπm)
−1
2
(1−M)2 (3 + 2 θπ + 4 θπm + θπmm)
]
(104)
Πµ(vac A)aπ = i
qµ
q2
ga
(fπ/mπ)
Π(vacA)ππ (105)
Since the polarization of the a1 meson can be written as Π
µν
a = (ga/gω)
2Πµνω +g
2
a(mπ/fπ)
2ΠPVπ g
µν/q2,
it is tempting to apply the renormalization procedure with this decomposition. In this case, we will
have Π
µν(vac)
aa = Π1 (q
2gµν − qµqν)+Π2 gµν where the expression of the Π1 contribution is obtained
from that of Π
(vac)
ω by replacing gω, mω, θω by ga, ma, θa. and that of Π2 is proportional to Π
(vac)
ππ
when replacing fπ/mπ, mπ, θπ ... by ga, ma, θa ... However, the Π2 term is not orthogonal to
qµqν , whereas the polarization of the a1 enters in the dispersion relations with the decomposition
ΠaTT
µν+ΠaLL
µν+ΠaQ q
µqν/q2. It is therefore preferable to apply the renormalization procedure
to Π
µν(vac)
aa = Π
(vac)
aLT (g
µν − qµqν/q2) + Π(vac)aQ qµqν/q2. The Π(vac)aLT then happens to have the same
structure as the polarization of the σ meson. We obtain
Πµν(vac A)aa =
d
2
g2a
3π2
[
6M2 logM − q2(logM + θ) + 4M2θ − (4−m2a) θa
+(q2 −m2a)
(
θa − (4−m2a) θaq
)
+(1−M)
(
6−m2a + (4−m2a)θam + 8 θa
)
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−1
2
(1−M)2
(
18 +m2a + (4−m2a) θamm + 8 θa + 16 θam
)]{
gµν − q
µqν
q2
}
−d
2
2g2a
π2
[
M2(logM + θ)− θa + (1−M) (1 + 2θa + θam)
−1
2
(1−M)2 (3 + 2 θa + 4 θam + θamm)
]
qµqν
q2
(106)
The vacuum contribution to the mixed polarizations Πµσω, Π
µ
δρ and Π
µν
aρ vanishes.
Renormalization scheme B
In this second renormalization scheme, we notice that there appears in the polarizations di-
verging contributions of the type M/ǫ, M2/ǫ, ǫ → 0. Instead of cancelling this divergences with
counterterms of the form a+ bσ+ cσ2, the original structure is preserved by subtracting only coun-
terterms in the combination a(m − gσσ) or a(m − gσσ)2. The unknown constant a is determined
by imposing Π|shell = 0. No conditions are imposed on the derivatives.
Originally this scheme was motivated by the fact that it yields a decreasing effective ρ mass [5].
When applying it to the other mesons, we obtain
Π(vac B)σ =
d
2
g2σ
2π2
[
6M2 logM + 4M2θ − q2(logM + θ)− (4−m2σ)θσ
+(M2 − 1)
(
(4−m2σ)m2σθσq − 4θσ
)
+ (q2 −m2σ)
(
θσ − (4−m2σ)θσq
)]
(107)
The polarization of the δ meson is identical when relacing gσ , mσ, θσ ... by gδ, mδ, θδ ...
Since no divergences proportional to M or M2 occur in the polarization of the ω meson, its
expression is left unchanged by this renormalization scheme and its expression still given by Eq.
(102). We recall the expression obtained for the ρ meson in scheme B (≡ scheme 3 of [5])
Π(vac B)ρ =
d
2
{
g2ρ
3π2
[
lnM + θ +
2M2
q2
(θ − 1)− 1
m2ρ
(
(2 +m2ρ) θρ − 2
) ]
+
(
fρ
2m
)2 1
6π2
[
6M2 lnM + 8M2θ + k2(lnM + θ)− (8 +m2ρ) θρ
−(q2 −m2ρ)
(
(8 +m2ρ) θρq + θρ
)
+ (M2 − 1)
(
m2ρ(8 +m
2
ρ) θρq − 8θρ
) ]
+
2
π2
(
fρ
2m
)
gρ
[
M(lnM + θ − θρ)
]}{
q2gµν − qµqν
}
(108)
For the pion with pseudovectorial coupling, we obtain
Π
(vac B)
π PV = −d
2
2
π2
(
fπ
mπ
)2
q2M2 [logM + θ − θπ] (109)
Finally, the polarization of the a1 meson is given in scheme B by
Πµν(vac B)aa = −Π(vac B)aLT
(
gµν − q
µqν
q2
)
−Π(vac B)aQ
qµqν
q2
Π
(vac B)
aLT =
d
2
g2a
3π2
[
6M2 logM + 4M2θ − q2(logM + θ)− (4−m2a)θa
+(M2 − 1)
(
(4−m2a)m2aθaq − 4θa
)
+ (q2 −m2a)
(
θa − (4−m2a)θaq
)]
(110)
Π
(vac B)
aQ = 2
d
2
g2a
π2
M2 [logM + θ − θa] (111)
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A.3 - Polarizations, imaginary part
All imaginary parts can be expressed in terms of three integrals E1, E2, E3. At finite temperature,
for the calculation of the retarded polarizations, we have
– for spacelike momentum:
En =
∫
dy
[(
y +
ω
2
)n−1
θ(y − yL)
{
n(y)− n(y + ω)
}
+(−1)n
(
y − ω
2
)n−1
θ(y − yU ) {n(y)− n(y − ω)}
]
(112)
– for timelike momentum with q2 < 4M2, the imaginary parts vanish: En = 0,
– for timelike momentum with q2 > 4M2:
En = (−1)n−1
∫
∞
M
dy
(
y − ω
2
)n−1
[θ(y − yL)− θ(y − yU)] {n(ω − y) + n(y)− 1} (113)
with
n(y) =
[
eβ(y−µ) + 1
]
−1
, n(y) =
[
eβ(y+µ) + 1
]
−1
yL =
∣∣∣∣∣k
√
∆− ω
2
∣∣∣∣∣ , yU =
∣∣∣∣∣k
√
∆+ ω
2
∣∣∣∣∣ , ∆ = 1− 4M2q2
In the following equations d is the degeneracy parameter (d = 2 for symmetric nuclear matter).
Im Πσ = −d g
2
σ
2πk
(
M2 − q
2
4
)
E1
Im Πω L = d g
2
ω
2πk
[
q2
4
E1 − q
2
k2
E3
]
Im Πω T = d g
2
ω
4πk
[(
M2 +
q2
4
)
E1 +
q2
k2
E3
]
Im Πσω = −dgσgω
2πk3
q2M E2
Im ΠρL = d 1
2πk
{
g2ρ
[
q2
4
E1 − q
2
k2
E3
]
+ gρ
fρ
2m
q2M E1 +
(
fρ
2m
)2 [
M2q2 E1 +
q4
k2
E3
]}
Im Πρ T = d 1
4πk
{
g2ρ
[(
M2 +
q2
4
)
E1 +
q2
k2
E3
]
+ 2gρ
fρ
2m
q2M E1
+
(
fρ
2m
)2 [(
M2q2 +
q4
4
)
E1 − q
4
k2
E3
]}
Im ΠPVπ = −d
M2q2
2πk
(
fπ
mπ
)2
E1
Im ΠPSπ = −d
g2πq
2
8πk
E1
Im ΠaL = −d g
2
a
2πk
[(
M2 − q
2
4
)
E1 +
q2
k2
E3
]
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Im Πa T = −d g
2
a
4πk
[(
M2 − q
2
4
)
E1 − q
2
k2
E3
]
Im ΠaQ = −d g
2
a
2πk
M2 E1
Im Πaπ = d ga
2πk
(
fπ
mπ
)(
α
M
+ 1− α
)
M2 E1
Im Πaρ = dga (gρ + 2M(fρ/2m))
4πk3
q2 E2
Im ΠPSη = −d
g2ηq
2
8πk
E1
Appendix B: Polarizations modified by contact terms
In meson exchange models of the NN interaction, the potential is obtained by calculating the
transition amplitude M =∑a,b=σ,ω,π,ρ,δ,a1,η(U3 ΓaU1) Gab (U3 ΓaU1), with Γa and Gab beeing the
relevant vertices and meson propagators. After taking the semiclassical limit and multiplying by the
minimal relativity factors, one finally performs a Fourier transformation to obtain the potential in
coordinate space. Besides the desired Yukawa-like terms with ranges characterized by the inverses of
the meson masses, one also obtains a singular contribution at the origin δ(~r) due to the assumption
that all particles are pointlike.
In a σ-ω-π-ρ model, the singular contribution is given by [55]
V (r) ∋ −
[
g2σ
4m2
+
g2ω
2m2
+
gρ(gρ + fρ)
2m2
~τ1.~τ2
]
δ(~r)
−
[
g2ω
2m2
+
g2π
4m2
~τ1.~τ2 +
(gρ + fρ)
2
2m2
~τ1.~τ2
]
δ(~r)
1
3
~σ1.~σ2 (114)
It is not always enough to smooth this singularity by convoluting the result with form factors,
especially in the case of the pion. It is then desirable to remove the singular piece by subtracting
one or more contact terms. If this method is chosen, the dispersion relations of the mesons will be
modified as follow.
π–a1–ρ sector
When a contact interaction is introduced as
L ∋ −gA(ψγ5γµ~τψ).(ψγ5γµ~τψ)− gR(ψγµ~τψ).(ψγµ~τψ)
the dispersion relations of the π–a1–ρ sector are given by (72). The polarizations which appear in
these expressions are given explicitely in this Appendix.
Π˜ρL =
fρ
2m
(
gρΠ
L
TV
+
fρ
2m
ΠL
TT
)
+
(
gρ + 2gR
fρ
2mΠ
L
TV
) (
gρΠ
L
VV
+
fρ
2mΠ
L
VT
)
(1− 2gRΠLVV)
(115)
Π˜ρ T =
(
gρ + 2gR
fρ
2m
ΠT
TV
)
Rρ T + (2gA
fρ
2m
ΠT
TA
)Pρ T +
fρ
2m
(
gρΠ
T
TV
+
fρ
2m
ΠT
TT
)
(116)
Π˜aL =
g2aΠ
L
AA
1− 2gAΠLAA
(117)
Π˜aT =
fρ
2m
gaΠ
T
TA
+
(
gρ + 2gR
fρ
2m
ΠT
TV
)
Ra T + (2gA
fρ
2m
ΠT
TA
)Pa T (118)
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T µνP1 ν = Pρ TT
µνρ1 ν + Pa TT
µνa1 ν (119)
T µνR1 ν = Rρ TT
µνρ1 ν +RaTT
µνa1 ν
Pρ T =
[(
1− 2gRΠTVV
)(
gρΠ
T
AV
+
fρ
2m
ΠT
AT
)
+ 2gRΠ
T
AV
(
gρΠ
T
VV
+
fρ
2m
ΠT
VT
)]
/D
PaT =
[(
1− 2gRΠTVV
)
gaΠ
T
AA
+ 2gRgaΠ
T
AV
ΠT
VV
]
/D
Rρ T =
[(
1− 2gAΠTAA
)(
gρΠ
T
VV
+
fρ
2m
ΠT
VT
)
+ 2gAΠ
T
VA
(
gρΠ
T
AV
+
fρ
2m
ΠT
AT
)]
/D
RaT =
[(
1− 2gAΠTAA
)
gaΠ
T
VA
+ 2gAgaΠ
T
VA
ΠT
AA
]
/D
D =
(
1− 2gAΠTAA
)(
1− 2gRΠTVV
)
− 4gAgRΠTAVΠTVA (120)
with the definitions Πµνρρ = g
2
ρΠ
µν
VV + 2gρ
(
fρ
2m
)
ΠµνVT +
(
fρ
2m
)2
ΠµνTT , Π
µν
aa = g
2
aΠ
µν
AA and Π
µν
aρ =
gagρΠ
µν
AV + ga
(
fρ
2m
)
ΠµνAT .
σ1–ω sector
Contact terms of the form δ(~r) also appear in the contributions of the σ and ω mesons exchange
to the NN potential. Although the problem is less acute than in the case of the spin dependent
part of the interaction mediated by the pion, one could wish for consistency [73] to remove these
δ(~r) contributions by the introduction of further contact terms
L ∋ −gV (ψγµψ).(ψγµψ)− gS(ψψ).(ψψ)
These terms modify the dispersion relations as follows
[−q2 +m2σ]σ1 = g2σΠ˜σσ1 + gσgωΠ˜µσωω1µ (121)
[−qµqν + (q2 −m2ω)gµν ]ω1 ν = gσgωΠ˜µσωσ1 + g2ω
(
−Π˜ω TT µν − Π˜ω LLµν
)
ω1 ν (122)
with Π˜σ =
(1− 2 gV Πω L) Πσ − 2 gV Π2σω η2
(1− 2 gV Πω L) (1 + 2 gS Πσ)− 4 gSgV Π2σω η2
(123)
Π˜µσω = Π˜
µ
ωσ =
gσgωΠ˜
µ
σω
(1− 2 gV Πω L) (1 + 2 gS Πσ)− 4 gSgV Π2σω η2
(124)
Π˜ω T =
Πω T
1− 2gV Πω T (125)
Π˜ω L =
(1 + 2 gS Πσ) Πω L + 2gSΠ
2
σωη
2
(1− 2 gV Πω L) (1 + 2 gS Πσ)− 4 gSgV Π2σω η2
(126)
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Fig. 1 Dispersion relation of the δ-ρ longitudinal mode, as calculated with renormalization
scheme A (left panel) or B (right panel), at vanishing temperature and three values of the
density: 0.5, 1.5 and 3 times the saturation density
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or C (right panel), at vanishing temperature.
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